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Abstract:  
 
The mineral wheatleyite was synthesised and characterised by Raman spectroscopy 
complimented with infrared spectroscopy.  Two Raman bands at 1434 and 1470 cm-1 
are assigned to the ν(C-O) stretching mode and implies two independent oxalate anions.  
Two intense Raman bands observed at 904 and 860 cm-1 are assigned to the ν(C-C) 
stretching mode and support the concept of two non-equivalent oxalate units in the 
wheatleyite structure. Two strong bands observed at 565 and 585 cm-1 are assigned to 
the symmetric CCO in plane bending modes. The Raman band at 387 cm-1 is 
attributed to the CuO stretching vibration and the bands at 127 and 173 cm-1 to OCuO 
bending vibrations.  A comparison is made with Raman spectra of selected natural 
oxalate bearing minerals. Oxalates are markers or indicators of environmental events. 
Oxalates are readily determined by Raman spectroscopy. Thus deterioration of works 
of art, biogeochemical cycles, plant metal complexation, the presence of pigments and 
minerals formed in caves can be analysed.   
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Introduction 
 
The presence of oxalates is widespread in nature, not only in plants but also as 
naturally occurring minerals. Among these minerals is the sodium copper oxalate 
mineral wheatlyite 1.  Oxalate minerals may be formed, in for example, bat guano in 
caves. These minerals form as the result of expulsion of heavy metals from fungi, 
lichens and plants 2-4.  It is probable that certain plants were used to make the mineral 
pigments such as hematite and kaolinite to stick to the cave walls 5. The production of 
simple organic acids such as oxalic and citric acids has profound implications for 
metal speciation in biogeochemical cycles 6.  The metal complexing properties of the 
acids are essential to the nutrition of fungi and lichens and affect the metal stability 
and mobility in the environment 6. Lichens and fungi produce the oxalates of heavy 
metals as a mechanism for the removal of heavy metals from the plant 7.   Recently, 
Macnish and others identified intracellular calcium oxalate crystals in Geraldton wax 
flowers (Chamelaucium uncinatum) Schauer (Myrtaceae).  These authors considered 
that the complexation of the oxalic acid with calcium controlled the concentration of 
heavy metals in the plant. Importantly the crystals were < 1 μm in size and were very 
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difficult to identify other than by Raman spectroscopy.  The presence of these oxalate 
crystals appears to have an effect similar to that found in cacti 8.  Among the oxalates 
are the two calcium oxalates known as weddellite (the dihydrate) and whewellite 
(monohydrate). Ca-oxalate exists in two well-described modifications: as the more 
stable monoclinic monohydrate whewellite and the less stable tetragonal dihydrate 
weddellite. Weddelite serves for lichens as a water absorbing and accumulating 
substrate which transforms to whewellite when humidity drops. Such minerals are 
important in human physiology as the minerals are found in the urinary tract 9,10.  
Many other divalent oxalates exist in nature. The magnesium based oxalate is known 
as glushinskite 11,12.  The copper oxalate is known as moolooite 3,13 and the ferrous 
oxalate as humboldtine 14,15.  These three oxalates are also the product of lichen 
growth.  Two natural univalent oxalates are known. These are the oxalates of sodium 
and ammonium known as natroxalate and oxammite 16.   
 
Raman spectroscopy has proven very useful for the study of minerals 17-19. 
Indeed Raman spectroscopy has proven most useful for the study of diagentically 
related minerals as often occurs with carbonate minerals 20-24.  Some previous studies 
have been undertaken by the authors using Raman spectroscopy to study complex 
secondary minerals formed by crystallisation from concentrated sulphate solutions 25.  
Whilst there have been several studies of synthetic metal oxalates 26-32, few studies of 
natural oxalates have been forthcoming 33-40 and no comprehensive comparison of the 
spectra of synthetic and natural oxalates has been undertaken.  The study of natural 
oxalates as opposed to synthetic oxalates is of importance in the study of the 
environment as oxalates act as markers for significant environmental events. Few 
studies of the spectroscopy of water in these minerals have been forthcoming. The 
objective of this work is to undertake a comparative study using a combination of 
Raman and infrared spectroscopy of wheatleyite. 
 
Experimental 
 
Synthesis of Wheatleyite 
 
Wheatleyite was synthesized serendipitously during mixed metal oxalate 
hydrate synthesis attempts. The procedure was modelled on that of Donia et al. 41. A 
solution of mixed metal nitrates (50% Cu, 50% Zn, 1.5M) was added to three molar 
equivalents of sodium oxalate via a peristaltic pump over approximately ten minutes. 
The pH of the oxalate solution was adjusted to pH 5 by the addition of a small volume 
of concentrated nitric acid (~ 2cm3, 70%) the resulting precipitate was filtered under 
vacuum (Whatman’s No 5 filter), a white precipitate and blue filtrate were obtained. 
The precipitate was washed with a small volume of ice-cold de-ionised water (2cm3, 
18.2MΩ) followed by several washings with ethanol (2x20cm3). The white precipitate 
was identified as zinc oxalate hydrate while the blue solution was allowed to stand for 
approximately one week. Acicular blue crystals of approximately 5mm length and 
2mm diameter crystallised from the solution and were filtered by vacuum filtration. 
 
X-ray diffraction 
 
XRD analyses were performed on a PANalytical X’Pert PRO® X-ray 
diffractometer (radius: 240.0 mm).  Incident X-ray radiation was produced from a line 
focused PW3373/10 Cu X-ray tube, operating at 45 kV and 35 mA. The incident 
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beam passed through a 0.04 rad, Soller slit, a ½ ° divergence slit, a 15 mm fixed mask 
and a 1 ° fixed anti scatter slit.  After interaction with the sample, the diffracted beam 
was detected by an X’Celerator RTMS detector fitted to a graphite post-diffraction 
monochrometer.  The detector was set in scanning mode, with an active length of 
2.022 mm.  Samples were analysed utilising Bragg-Brentano geometry over a range 
of 3 – 75 ° 2θ with a step size of 0.02 ° 2θ, with each step measured for 200 seconds.  
 
Raman Spectroscopy 
 
The crystals of wheatlyite were placed and oriented on the stage of an 
Olympus BHSM microscope, equipped with 10x and 50x objectives and part of a 
Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a Charge Coupled Device (CCD). Raman spectra were excited by a 
HeNe laser (633 nm) at a resolution of 2 cm-1 in the range between 100 and 4000  
cm-1.  Details of the technique have been published by the authors 42-45.   
 
Spectral Manipulation such as baseline adjustment, smoothing and 
normalisation was performed using GRAMS® software package (Galactic Industries 
Corporation Salem, NH, USA)  
 
Infrared  Spectroscopy 
 
Infrared spectra of wheatleyite were obtained using a Nicolet Nexus 870 FTIR 
spectrometer with a smart endurance single bounce diamond ATR cell. Spectra over 
the 4000−525 cm-1 range were obtained by the co-addition of 64 scans with a 
resolution of 4 cm-1 and a mirror velocity of 0.6329 cm/s. Spectra were co-added to 
improve the signal to noise ratio. 
  Spectral manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with 
the minimum number of component bands used for the fitting process. The Lorentz-
Gauss ratio was maintained at values greater than 0.7 and fitting was undertaken until 
reproducible results were obtained with squared correlations of r2 greater than 0.995.  
 
Results and Discussion 
 
X-ray diffraction 
 
The X-ray diffraction pattern of the synthesised wheatleyite together with the 
XRD patterns of the reference material is shown in Figure 1. Clearly the synthesised 
oxalate corresponds to that of wheatleyite.  
 
Factor group analysis of the oxalate anion 
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 Aqueous oxalate is uncoordinated and will be of point group D2d. Thus the 
vibrational activity is given by Γ= 3A1 + B1 + 2B1 + 3E.  Thus all modes are Raman 
active and the 2B1 + 3E modes are infrared active.  All oxygens in the structure are 
equivalent and hence only one symmetric stretching mode should occur.  Upon 
coordination of the oxalate as a mono-oxalato species as will occur in the natural 
minerals, the symmetry species is reduced to C2v.  The irreducible expression is then 
given by Γ = 6A1 + 2A2 + 5B1 + 2B2.  Hence all modes are both Raman and infrared 
active. The application of group theory to selected natural oxalates has been 
undertaken. 33,34,36,40  In this situation both the symmetric and antisymmetric 
stretching modes will be observed. If two moles of oxalate are bonded to the cation in 
a planar arrangement then the molecular point group will be D2h and the irreducible 
representation is given by Γ= 7Ag + 3B1g + 3B2g + 5B3g + 3Au + 7B1u + 7B2u + 4B3u.  
The first four modes are Raman active (namely 7Ag + 3B1g + 3B2g + 5B3g) and the last 
four modes are infrared active (namely 3Au + 7B1u + 7B2u + 4B3u).  Under this 
symmetry, there is a centre of symmetry which means the infrared and Raman bands 
are exclusive. 
 
 
 
Raman spectra of the CO stretching region 
 
 The Raman and infrared spectra of wheatleyite are shown in Figures 2 and 3 
respectively. Two bands are observed at 1434 and 1470 cm-1 and are attributed to the  
the ν(C-O) stretching mode.  The observation of two symmetric stretching Raman bands 
implies that there are two independent oxalate anions in the wheatleyite structure. In 
the infrared spectrum a broad band assigned to the ν(C-O) stretching mode is observed 
at 1411 cm-1.  A second infrared band is observed at 1458 cm-1.  According to the 
factor group analysis the oxalate anion is centrosymmetric 33,34,36,40. Thus the Raman 
and infrared spectra should be exclusive. This is true at least in part for the band at 
1458 cm-1 (1470 cm-1 in the Raman spectrum) but not for the 1411 cm-1 band (1411 
cm-1 in the Raman spectrum).   The two bands at 1714 and 1733 cm-1 are assigned to 
the C-O antisymmetric stretching vibration 33,34.  
 
It is interesting to compare the position of the CO stretching vibration with 
that of the natural oxalates 33,34.  The wavenumber of the symmetric stretching mode 
was identified at 1449 cm-1 for potassium oxalate in the solid state 29.  For weddellite 
and humboldtine the band was observed at 1468 cm-1.  It is possible to use the 
positions of bands in the Raman spectra to discriminate between hydration states of 
calcium oxalate; the monohydrate (whewellite) featured a v(CO) stretching band at 
1493 cm-1 whereas the dihydrate (weddellite) had a v(CO) stretching band at 1468 
cm-1.  The band was observed for moolooite at 1489 cm-1.  Moolooite is the bis 
copper(II) oxalate and the natural sample contains no water of hydration. Previous 
studies of the dihydrate copper(II) oxalate observed the v(CO) at 1495 cm-1 29.  A 
comparison can be made with the Raman spectra of mollooite and the synthetic 
wheatleyite since bot oxalates are copper based oxaaltes. Two symmetric stretching 
modes are observed for wheatleyite at 1434 and 1470 cm-1 and one Raman band is 
observed at 1489 cm-1 for mollooite.  The Raman spectrum of the mineral glushinskite 
shows a band at 1471 cm-1.  The band position for this natural oxalate is closer to that 
of wheatleyite. The spectrum for natroxalate shows a band at 1456 cm-1, a 
wavenumber which is comparatively low compared with those of other natural 
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oxalates.  Natroxalate is similar to that of moolooite in that no water of crystallisation 
is found for the natural mineral. 
 
A low intensity band is observed at 1262 cm-1 in the Raman spectrum of 
wheatleyite.  This band is quite intense in the infrared spectrum and is observed at 
1276 cm-1 with an additional shoulder at 1262 cm-1.   These bands are assigned to the 
B2g mode, which is the OCO wag. It is interesting to compare the position of this 
mode with that of the natural oxalates.  The Raman spectra of many of the minerals 
show additional bands on the low wavenumber side of the symmetric stretching 
mode.  Bands are observed at 1411 cm-1 for weddellite and whewellite, 1433 cm-1 for 
moolooite, 1450 cm-1 for humboldtine, 1454 cm-1 for glushinskite.   For oxammite 
additional bands are observed at 1451, 1447 and 1430 cm-1.  It is suspected that these 
additional bands are also assignable to the symmetric stretching modes; but of 
molecular species other than the bis-oxalate complexes.  Another possibility is that 
these bands are due to the B2g mode, which is the OCO wag.  The wavenumber of this 
band is identified at 1392 cm-1 for aqueous potassium oxalate and at 1348 cm-1 for 
potassium oxalate in the solid state.  A band is observed in this work at 1358 cm-1 for 
natroxalate.  Bands which may also be attributable to the OCO wag are observed at 
1417 and 1312 cm-1 for oxammite. 
 
Raman spectrum of the C-C stretching region 
 
 The Raman spectrum of wheatleyite in the 800 to 1100 cm-1 region is shown 
in Figure 4.   The infrared spectrum of wheatleyite is reported in Figure 5.  Two 
intense Raman bands are observed at 904 and 860 cm-1 and are assigned to the ν(C-C) 
stretching mode.  In the infrared spectrum two bands are observed at 810 and 901  
cm-1.  It is expected that the C-C stretching mode in the infrared spectrum does not 
give rise to intense bands or is only a very low intensity band in the infrared spectrum.   
The observation of two C-C stretching modes supports the concept of non-equivalent 
oxalate units in the wheatleyite structure. It is noted there is a large difference in the 
band positions of the C-C stretching vibrations. The values are 44 cm-1 in the Raman 
spectrum and ~90 cm-1 in the infrared data.  This difference suggests different bond 
strengths between the two oxalate units.  One oxalate unit is very strongly bonded and 
it is suggested that one oxalate unit is coordinated to the Cu2+ cation whereas the 
second oxalate unit is more loosely bonded and may be assocaited with the Na+ ion.  
 
It is interesting to compare the position of the CC stretching vibration with 
that of the natural oxalates.  The C-C band is observed at 909 cm-1 for weddellite, 921 
cm-1 for moolooite, 913 cm-1 for humboldtine, 915 cm-1 for glushinskite, 892 cm-1 for 
oxammite and for natroxalate at 884 cm-1, which corresponds well with the published 
value of 888 cm-1 for solid potassium oxalate.   It should be noted that there is a large 
shift (~40 cm-1) for the C-C stretching vibration between the ‘free’ oxalate and the 
oxalate in these natural oxalates.  A second intense band is observed for natroxalate is 
observed at 875 cm-1.  This implies a non-equivalence of the C-C stretching 
vibrations.  The Raman spectra of the oxalate minerals all show a low intensity band 
at around 860 cm-1.   The band is observed at 868 cm-1 for weddellite, 833 cm-1 for 
moolooite, 856 cm-1 for humboldtine, 861 cm-1 for glushinskite, 866 cm-1 for 
oxammite.  The band is assigned to the OCO bending mode. A band is not observed at 
this wavenumber for potassium oxalate.   
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The infrared spectrum of the 525 to 925 cm-1 region is shown in Figure 5.  The 
C-C stretching mode does not give rise to a band or is only a very low intensity band 
in the infrared spectrum.  This is in accoed with the centrosymmetric nature of the 
oxalate anion. Two medium intensity bands are observed at 810 and 901 cm-1. The 
latter band is assigned to the infrared activated CC stretching vibration.  The former 
band is assigned to the OCO bending vibration which is intense in the infrared 
spectrum but of very low intensity in the Raman spectrum or is not observed.  A 
comparison of the spectra of wheatleyite may be made with the spectra of other 
natural oxalate containing minerals. Whewellite shows only a single band at 917 cm-1.   
The IR spectrum of moolooite shows a very weak band at 917 cm-1.  Humboldtine has 
a band at a similar wavenumber and oxammite a band at 871 cm-1.   An intense band 
is observed for weddellite at 779 cm-1 with a strong shoulder at 762 cm-1.  The 
infrared spectrum of whewellite shows a broad band centred upon 820 cm-1.   The IR 
spectrum of natroxalate shows two strong bands at 818 and 766 cm-1.  These bands 
are assigned to the OCO bending modes which are strong in the infrared spectrum and 
of low intensity in the Raman spectrum.   
 
 In the Raman spectrum of wheatleyite (Figure 4) two strong bands are 
observed at 565 and 585 cm-1.  These bands are assigned to the symmetric CCO in 
plane bending modes. A comparison may be made with the position of the bands for 
natural oxalate minerals. Raman bands are observed for weddellite and whewellite at 
596 and 505 cm-1.  Natroxalate has Raman bands at 567 and 481 cm-1.  The band at 
596 cm-1 is broad and of low intensity, and is attributed to water librational modes. 
The band at 505 cm-1 for the calcium oxalates and at 481 cm-1 for the sodium oxalate 
may be attributed to the symmetric OCO bending mode.  For humboldtine the bands 
are observed at 582 and 518 cm-1.   The Raman spectrum of moolooite shows more 
complexity with bands observed at 610, 584 and 558 cm-1.  Such complexity was 
observed in the Raman spectrum of a synthetic copper(II) oxalate dihydrate 46.  In this 
work, Raman bands were observed at 616, 591, 563 and 498 cm-1.   Raman bands 
were observed at 642, 489 and 438 cm-1 for oxammite.   
 
 
 The Raman spectra of wheatleyite in the low wavenumber region are shown in 
Figure 6.  Strong Raman bands are observed at 127 and 173 cm-1 with bands of less 
intensity at 210, 243, 277 and 387 cm-1.   The band at 387 cm-1 is attributed to the 
CuO stretching vibration and the bands at 127 and 173 cm-1 to OCuO bending 
vibrations.  A comparison of the low wavenumber bands of whaetleyite may be amde 
with other natural oxaalte minerals. Both weddellite and whewellite show bands at 
259, 220, 188 and 162 cm-1.  One possible assignment for band in these positions is 
that the bands are due to CaO stretching and bending vibrations.  The intensities of the 
bands for natroxalate are weak. For moolooite bands are observed at 290 and 209 cm-
1.  These bands may be assigned to the CuO stretching and bending modes 
respectively.  The position of the bands differs slightly from that published for the 
copper(II) oxalate dihydrate 46.  Intense bands are observed for glushinskite and 
humboldtine at 310, 265, 237 and 226 cm-1, and 293, 246 and 203 cm-1 respectively.  
The Raman spectrum of oxammite is quite complex with multiple bands observed at 
278, 224, 210, 198, 181 and 160 cm-1.   
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OH stretching region 
 
 The Raman spectrum of  wheatleyite in the OH stretching region is shown in 
Figure 7. Three Raman bands are observed at 3359, 3448 and 3519 cm-1. In the 
infrared spectrum (Figure 7) Two distinct bands are observed at 3443 and 3525 cm-1 
with an additional low intensity band at 3232 cm-1. These bands are assigned to the 
water stretching vibrations in the wheatleyite structure. A comparison may be made 
with the OH stretching vibrations of other oxalate bearing minerals 33,34. Firstly 
moolooite and natroxalate do not have any water of crystallisation, and have no 
Raman bands in the OH stretching region.  The Raman spectra of weddellite and 
whewellite are different in the OH stretching region.  Two bands are observed for 
weddellite at 3467 and 3266 cm-1 whereas bands are observed for whewellite at 3462, 
3359, 3248 and 3067 cm-1.  The Raman spectrum of the hydroxyl stretching region of 
glushinskite shows a sharp intense band at 3367 cm-1 with low intensity bands at 3391 
and 3254 cm-1.  The Raman spectrum of oxammite in this region shows complexity 
with the overlap of the OH and NH stretching vibrations.   Two bands are observed at 
3235 and 3030 cm-1 and are assigned to the OH vibrations.  Bands observed at 2995, 
2900 and 2879 cm-1 for oxammite are attributed to the NH vibrational modes.   
 
 
Conclusions 
 
 The compound Na2Cu2+(C2O4)2.2H2O equivalent to the rarely studied oxalate 
bearing mineral wheatleyite has been synthesised and characterised by Raman 
spectroscopy complimented with infrared spectroscopy. The results of the Raman 
spectra in both the CO and CC stretching region implies two non-equivalent oxalate 
units in the crystal structure of wheatleyite.   
 
The significance of this work, the Raman spectroscopy of an oxalate mineral 
containing the cations Na+ and Cu2+,  rests with the ability of Raman spectroscopy to 
identify oxalates which often occur as films on a host rocks or works of art.  The 
oxalates act as markers or indicators of environmental events.  The deterioration of 
works of art may be determined through the presence of oxalates. The presence of the 
oxalates may also provide a mechanism for remediation.  If life existed on Mars at 
some time in the past or even exists in the present time, low life forms such as fungi 
and lichens may exist. Such organisms may be found in very hostile environments 47-
49.  Lichens and fungi can control their heavy metal intake through expulsion as metal 
salts such as oxalates.  The presence of these oxalates may be used as a marker for the 
pre-existence of life.  The interpretation of the spectra of natural oxalates is important 
in these types of study.   
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